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Overloading Intentions for Efficient Practical Reasoning

Martha E. Pollack
Artificial Intelligence Center and
Center for the Study of Language and Information
SRI International
Menlo Park, CA 94025

1 Introduction

Agents, whether biological ar artificial, have bounded reasoning capabilities. As a result,
they cannot make reasoned decisions instanlaneously; reasoning takes time. Yel all
biological agents, and most artificial ones. are situated in dynamic environments, in
which events not under their control occur. Agents in dynamic L:n\fironments face a
polential difliculty when they must make decisions about what to do—what goals to
pursue and how to pursue them. They run the risk that the world may change while they
are engaged in such practical reasoning; in fact, it may change in ways that undermine
the very assumptions upon which their reasoning is proceeding. Agents who blindly push
forward with every practical-reasoning problem they encounter, xviLhouf“-xgga.rcl to the
amount of time they are taking or the changes meanwhile going on, are not proceeding
in an intelligent fashion.

Dynamic environments and computational resource hounds thus pose a challenge
that has led some researchers in Artificial Intelligence (Al) to propose that artificial
agents be designed to avoid execution-time practical reasoning (Agre and Chapman 1987,
Brooks 1991, Kaelbling 1988). "To obviate the need for such reasoning, the designer
of an agent must specify a funcltion F, Irom each set of situational features that Lhe

agent can divectly observe, to appropriate actions il should perform. In addition, the
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designer should guarantee that cach situation in which the agent might find itself cor-
responds Lo exactly one set of situational leatures in the demain of F. so Lthat there

' Although the ultimate feasibility of this

is a function from situations 1o aclions.
approach remains an open question, many rescarchers are skepiical about the practi-
cality of relying exclusively on such design-time decision making for agents who are
ta be situated in complex environments (D’Ambrosto and Fehling 1989, Doyvle 1988,
Pollock 1089).

An alternative is to allow exccution-time reasoning, but to develop techniques for
controlling it. One way to provide such control is to enable the agent to perform explicit
meta-leve] reasoning——reasoning about when to reason and when to act instead. Anotlier
approach is to include in the agent’s architecture mechanisms that directly control the
reasoning it performs. In an earlier paper (Bratman et al. 1988), Bratian, Isracl, and
I took this latler approach, specifving an architecture for practical reasoning that built
upon Bratman’s (1987) theory of the role of an agent’s plans in constraining subscquent

practical reasoning. Specifically, Bratman suggested Lwo ways in which an agent’s plans

have this constraining eflect:

o An agent’s plans Jocus subsequent means-end reasoning—reasoning about how Lo
achieve certain goals. Agents can, in general, concentrate on elaboraling their

existing plans, rather than on computing means to any desired ends.

o An ageni’s pians restrict the sel of potential courses of action that need to be
seriously considered. In general, agents can filter outl options that ave inconsistent

with the performance of what they already plan to do.

In this paper, T argue that there is an additional way in which an agent’s plans can be

used Lo constrain practical reasoning: they can suggest solutions to means-end reasoning
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problems that the agent subsequenily encounters. Moreover. such solutions can often be
accepted without further deliberation about possible alternatives. An agent will often he
able to guide its search for a way o achieve some goal G by looking for an action A that
it already intends that can also subserve G, or, as | shall say, by looking for an intention
that can be overfoaded.? H it is successful in this, it can typically avoid attempting to
find alternative ways of achieving & it need not weigh the solution tnvolving A against
competing options. I will argue that such a stralegy, fine-tuned in appropriale ways, is

rational, despite the fact that it may sometimes lead to suboptimal behavior.

2 A Strategy for Means-End Reasoning

We begin with an example. 1 plan to go swimming at hunchiime today with my colleague
Nan, and to stop on the way back to my office to buy a sandwich. Each of these plans
includes several steps: for instance, as part of my plan to go swimming with Nan, I
intend 1o meet her, walk over to the pool with her, and so on. As lunchtime approaches,
| discover that 1 forgol to go Lo the bank before work, and consequently have no money
with me. 1 thus face a practical reasoning problem: ] must determine a way to gel some
money to pay for my sandwich. My exisiing plans suggest a way: when I meet Nan to
walk Lo the pool, I can borrow money from her. Assuming 1 have reasonahble conlidence
in the likely success of such a plan, I need not generate and consider alternative ways to
gel the money, such as stopping at the automatic teller machine, or borrowing money
from John, or rom Michelle, or from Dechorah, or so on. Instcad, 1 directly adopt the
plan to borrow money from Nan when T meet her. Before discovering thai I had no
money, I intended to meet Nan for one purpose—il was part of my plan Lo go swimming
with her, But now, that intention is overloaded, subserving two distinct goals: i is also

part of my plan to get moncy for lunch.
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To understand Lhe reasoning illustrated by this example. we nced to distinguish
between two kinds of practical-reasoning processes, both of which I mmentioned earlier:
reasoning about what poals to pursue and reasoning aboul how to pursue them. The
former, which is often called deliberation, has traditionally been the focus of decision
theory (Savage 1972, Jelfrey 1983). The latter, means-end reasoning. has, until quite
recently, been the primary focus of most rescarch in Al planning theory. Indeed, in major
Al planning systems such as STRIPS (Fikes and Nilsson 1971}, NOAHN (Sacerdoti 1977),
SIPE (Wilkins 1988), and NONLIN (Tate 1977), the task performed is precisely that of
finding some sequence of actions, that, when perforted starting from a given state, will
achieve a specified goal. Such a sequence of actions is called a plan for the goal. The
term “plan,” used in this way, does not entail an agent’s commitiment to performing, or
even atlempting to perform, the actions that constitute the plan. Rather, on this view,
plans can be seen as “1'ec‘i1)es;’ for achieving a goal. Fhe decision to adopt, or form an
intention to perform, some plan is not taken to be a necessary consequence of means-end
reasoning.” I shall use the term *plan™ in this way, contrasting it with adopted plans,
those the agent actually intends.

Al models of means-end reasoning have typically cast it as a scarch process, in which
nodes in the search space correspond to plans to achieve a given goal. These plans may
be only partially specified. The search space is expanded by elaborating, or further
specifying, one of the plans already contained in it (Georgell 1987). There are various
ways in which a plan can be elaborated. For instance, a plan that includes an action that
is nol directly exccutable can be elaborated by specifying a particular way of carrying
out that acltion; a plan that includes a sel of actions can be claborated by impoesing a
temporal order on the members of the set; and a plan that includes an action involving

objects whose identities arc so far underspecified can be elaborated by fixing the identities



o

Overloading Intentions

of one or more of the objects. In perlorming means-end reasoning, a system will selecl
some node specifving a partial plan, elaborate it in some way to form a new node, and
then repeal the entire process. The process terminates when an elaboration results in a
completely specified, and thus, excentable, plan.?

Al planning syvstems thus make use of the facl that plans are hierarchically structured:
elaboration can be viewed as the process of eimbedding anew, more specific plan within an
existing one. As Bratman (1987) notes, “[p]lans concerning ends embed plans concerning
means and preliminary steps; and more general intentions .. .embed more speciflic ones™
(p. 29). Thedistinction between these two kinds of embedding recurs in the AT literature.
For instance, Kautz (1990) identilies two relations: (1) decomposition, which relales a
plan to another plan that constitutes a way of carrying it out (means and preliminary
steps), and [2) abstraction, which relates a specific plan to a more general one that
subsumes it. Tt is nseful 1o have a term to refer to the inverse relation to abstraction: |
shall speak of this as specinfization.

It is surprisingly difficult to give a precise statement of the difference between de-
composition and specialization, despite the Tact that, in many cases, Lthe difference is
intuitively clear. Kautz, Bratman, and others distinguish between them primarily by
example. Kantz observes thal a plan Lo make a pasta dish may be decomposed into
the steps of making noodles, cooking noodles, and making sance; and that it may be
the abstraction of a plan to make spaghetti marinara. (And, thus, a plan to make a
pasta dish may De specialized into one to make spaghetti marinara.) Bratman gives
the example of a general plan Lo attend a concert being specialized into one of attend-
ing the Alma Trio’s concert tonight. Within the framework of traditional AT models of
planning, aclions are represented with operators that encode the change in state that

will oceur when the action is performed. Specialization corresponds to the binding of
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one or more ol an operator’s parameters, or to the imposition of temporal constraints
on a =el of operators, Decomposﬁticm corresponds Lo operalor expansion, that is, the
Lransformation of a single operator into a set of more primitive operators thai constitute
aplan for i1, Of course, this distinction hinges on the way in which the operators used 1o
model a given domain are defined by the system builder. In any case, it is nol necessary,
for our purpoeses, to have a precise account of the difference hetween decomposition and
specialization. as I will argue that overloading is a mechanism that applies to both kinds
of plan elaboration.

Let us return to the example given earlier. There § faced a particular means-end
reasoning problem: 1 needed Lo determine a way to get the money. Using the framework
for means-end reasoning just described, my task 1s to elaboratle a partial plan so far
consisting only of the action of getting some money for lunch. What the example suggests
is that to perform this elaboration, 1 first consider ihe actions 1 already intend, to
see whether any of them can be part of an elaboration. In the exampie. | succeed,
determining that my intended action of meeling Nan can also be used in an elaboration
ol my plan to get money. The elaboration step actually involves the introduction of two
hicrarchical levels: I decompose my plan to get money into a plan to borrow money {rom
Nan, and then decompose this into a sequence of steps that begins with my meeting her.

It is useful to diagram informally the intentions an agent has al various stages of
her reasoning process. In the current example, assuming that I go ahead and adopt the
plan to get mouey by borrowing it from Nan, we can sketch the velevant portion of my

intentions as lollows:
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go swimming with Nan get some money for funch
{meet Nan, walk to swimming pool.. ..} borrow money [rom Nan

{meet Nan_ ask to borrow money from her,
be given money }

In this diagram, the labels refer 1o the actions that are components of my adopted,
that is, actually intended, plans, and the arrows represent claboration relations amongst
the actions. The action described at the head of an arrow is elaborated by the action(s)
described al its tail. Or, to put it in more natural terms, 1 intend to achieve the aclion
described al the head of the arrow by perlorming those described at the tail. Italicized
labels are used to indicate the overloaded action: both mentions of mecting Nan refer to
the same action.

In this example, the attempl to overload led to a particular decomposition of my
new-goa}. But overloading may also suggest particular specializations of a new goal.
Imagine a slight variation of the example, in which 1 firsi decide that the way 1 will
obtain money is to borrow it from someone. (Perhaps 1 often forget my lunch money,
and so have just gotten into the habit of borrewing from one colleague or another; hence,
this is an casy—almost automatic—reasoning step for me to perform.) At this point in

my reasoning, my adopted plans include the following:

go swimming with Nan gel, some money for lunch
{meet Nan, walk to swimming pool....} Dborrow moeney [{rom someone]
Of course, my means-end reasoning task is still not complete, since, before 1 can
execute my plan to borrow money, 1 need Lo determine from whom Lo borrow jt. At
this point. 1 may consider my existing plans, and recognize thalt 1 can overload my

intended action of meeting Nan. In this case, overloading suggests a specialization of
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my intended aclion of borrowing money from someone, namely, borrowing it {rom Nan.
With this specialization, T ean overload my actiow of meeting Nan, using it both in the
decomposition of my plan to go swimming with hier, and in a decomposition of myv plan

to horrow moneyv {rom her:

go swimming with Nan gel some money for lunch
{meet Nan, walk to swimming pool,...} borrow money [from someone]
borrow money [rom Nan

{meet Nan, ask to borrow money from her.
be given moneyv}

So overloading may suggest a particular way of elaborating a plan—and the elabo-
ration may involve either decomposition or specialization. In additjon, overloading may
somelimes suggest a way of claborating two (or more) plans at once. Consider the fol-
lowing example. 1 plan to clean out my garage this weekend. This entails disposing of
various objects, including empty cardboard boxes. an unused but working bicycle, and
an old, broken stereo system. I subsequently learn that my daughter’s dayeare center
is having a yard sale, Lo which the parenls are being asked to contribute. My existing
intention to dispose of the bicycle, which is part of my larger plan to clean my garage,
suggests a way Lo contribute to the yard sale: I can dispose of the bicycle by (l.onﬂling
it to the sale.

Again, it is usefu] to sketch the plans as they arve elaborated during the reasoning
process described in the example. At the beginning of the means-end reasoning process,

my adopted plans include the following:
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clean garage donate fsomething] 1o vard sale
|
{disposc ol hoxes, dispose of bike,...}

There is no action that I already intend thal can also he used in an elaboralion of
my new goal of contributing to the yard sale. However, [ recognize thal, because 'm
going Lo dispose of my bike anyway, I might as well donate i1 1o the sale. [n other
words, a simple claboration of my existing ptan to clean the garage vields a possibility
for overloading. Il 1 decompose my intention to dispose of the bike into an intention to
donate it Lo the vard sale, I can also use the latter as a specialization of my new goal of

donating something to the yard sale. My resulting plans look like this:

clean garage donate [something] to vard sale
{dispose of boxes, dispose of bike,...} donale bike Lo yurd sale

i
donale bike to yurd sale

What we have seen is that overloading can serve as a strategy for focusing means-
end reasoning. When an agent is faced with a means-end reasoning problem—when
she needs to elaborate a partial plan—she can begin by considering actions she already
intends for other purposes, looking to see whether any of them can be used in solutions
to the current problem. If this fails, she may atlempt Lo generate some elaborations of
existing plans, to see whether any of these result in candidates for mutual elaboration.
But is it advantageous to reason in this way? Before answering this question, we need

to turn to the second practical-reasoning process I mentioned earlier, deliberation.
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3 Bypassing Deliberation

Deliberation is the process of deciding among competing alternative courses of action.
One important class of deliberation problems involves deciding amongst alternative ways
to achié\'@ a goal, or, in terms ol the madel sketched in the preceding section, deciding
amongst alternative elaborations of some plan.

In (Bratman ei al. 1988), we proposcd a Lwo-stage deliberalion archilecture, based
directly on Bratman’s (1987) observation thal agents are committed to doing what they
plan, and that, as a result. they need not engage in full-blown deliberation about all
alternatives that mayv be presented Lo them. Instead, suggested alternatives are first
subjected Lo a [iltering process, which generally sereens out options that are incompatible
with the agent’s existing plans. (The filtering can be overridden by a mechanism that
detects options that prima facie have some special significance.) A second stage then
processes the surviving alternatives, weighing their relative strengths to select amongst
tliem,

Certainly any candidate plan that is suggested as the result of overloading must be
subject to filtering, that is, it must be determined to be compatible with the agent’s
already adopted plans. It will not do for me to form the intention to borrow money from
Nan if T have a standing intention never to borrow money [rom anyone. However, a plan
P that was suggested by overloading is more likely to be compatible with the agent’s
adopted plans than is a random elaboration of the new goal, because al least one part
of P, the overloaded action, is already intended by the ageni and thus has already been
deemed in at least one context to be compatible. Of course, there may be prohibitions
against the action being used in the new context, and there may also be prohibitions
against other parts of the plan; the latter is tllustrated by the case in which 1 intend

never to borrow money.
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Consider, however. cases in which P, the plan suggested by overloading, is, in fact,
compalible with the agent’s adopted plans. In Lhese situations, the agent may well be
justified in adoptling P without conputing a larger sel of alternatives, the members of
which she wonld then need to weigh against one another. Why? Because it is often
a good idea to “kill two birds with one stone,” to pul one’s actions to more than a
single use. By performing one action in service of more than one goal, the agent will,
in general, act efliciently. Although J? may not Lturn out to be the best plan that the
agent could use to achieve her goal, it is likely to be a rcasonably good plan, given the
efficiency of action inherent in it. And if she directly adopis P, the agent achicves a
savings in reasoning cost: she avolds both computing alternatives te 7 and performing
the deliberation needed Lo choose amongst P and its alternatives. In addition, adoption
of P may reduce the amount of subsequent means-end reasoning needed: the agent will
need to determine how to do only one aciion—the overloaded one that subserves lwo or
more goals—rather than how to do several actions, one for each goal.

So a plan containing an overloaded action will exhibit a certain efficiency of action,
and directly adopting it will result in an efficiency of reasoning. At least in everyday
practical-reasoning tasks, in which efficiency of action tends to be a significant factor in
a plan’s utility, it is likely that the savings in reasoning cost will outweigh the advantages
of the “best” possible plan relative to the one suggested by overloading.

Thus, when an agent successfully uses overloading to solve a means-end reasoning
problem, the resulting plan may be directly adopted, assuming that it is consistent with
the agent’s alrcady adopted plans. This contrasts with the traditional decision-theoretic
maodel in which a complete sei of alternatives 1s {first gencrated and then weighed against
one another. As such, the model of planning using overloading recalls Harman's (1986)

hypothesis that
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...many of onc’s decisions are of necessily what we might call simple de-
risions. These arise when one finds onesell with a salient end £ and one
recognizes a salient means A4 that will get one £, In a simple case. one does
nol. consicer whether there might be some other means 1o £ or some other
end distinet from £ that one might now obtain, and one disregards any other
consequences of one’s act. One simply lorms the intention of getting £ by

doing M (p. 106).

Overloading provides a computational account of how, ir some cases, an agent can
recognize a salient means M that will get her £. A plan for. or means to, £ that
includes an action already intended for some other purpose is one that will tyvpically be

regarded as salient. Borrowing money from Nan is an intuitively salient solution to my

problem—after all, I'm going to be meeting her to go swimming anyway! Salience is
a noloriously difficult property to model computationally, but the focusing inherent in
overloading captures a special case of it.

In addition, the account of overloading given here can coniribute to an explanation
of why simple decision making may often be good decision making. If the salient means
M that the agent adopts is one that is suggested by overloading, then there is a good
chance that M is a means that would be ranked relatively highly by a deliberation
process. Thus, given an agent’s resource bounds, it is reasonable for her to adopt a plan
to do [ by means of M, without attempting to generate and weigh other options. Of
course, nol all simple decisions will be instances of overloading, and we therefore need,
in the future, to identify additional strategies for means-end reasoning thal can explain
why simple decision making works as well as it does.

A pair of empirical studies of human planning beliavior show that humans often make

use of something like overloading in performing practical reasoning. The first study,
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conducted by Hayes-Roth and 1Tayes-Roth {1979}, investigated the behavior of human
subjects who were assigned a complex practical-reasoning task involving the coordination
of a number of errands, such as buying a fan belt, picking up medicine for one’s dog,
and meeling a friend for lunch; these were Lo be accomplished in a hypothetical town
for which the subject was given a map. One ol Lhe prismary observations made in this
study was that subjects tended 1o plan opportunistically: because it was Loo difficult
for them to compute an optimal schedule for all the errands, they tended, instead, to
select a fow of the most important tasks, schedule those, and then further develop their
schedules around that framework. So, for example, a subject might determine that i
was crucial to pick up the medicine for his dog, and thus decide on a definite time to
do 1his. This decision would then influence a host of others. Ile might next decide to
carry out all those tasks that could be performed at locations near the veterinary sapply
store, ellectively overloading his l.l‘il;‘v to the area where the supply store is located. He
mighi, for imstance, decide to buy the fan belt on his way to get the medicine, since his
route will take him past an automotive parts store. In fact, he might even select that
particular antomotive parts store, as opposed Lo the other ones in town, simply because
he’ll be passing by it.

More recently, Hayes {1989) observed the behavior of machinists’ developing plans
for machining particular parts. A plan to machine a part specifies, amongst other things,
a sequence of set-ups, which describe how the part is to be ortented and clamped, and,
for cach set-up, a sequence of cutting steps, which describe the tool and method used.
Hayes found that as machinists gain more expertise, they have an increasing tendency Lo
construct plans that involve what she calls operalor overlap.® Expert machinists often
construct plans in which a single set-up is used for several culling steps, even if some of

the cutting steps then are uncommon ones. Novice machinists, in contrast, tend only to
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employ common cutting steps, with the result that their plans frequently involve multiple
sel-ups.

The dilference between expert and novice behavior in Lthis setting is quite interesting.
Hayves determined that the plans produced by the experts indeed exhibited an efficiency
ol action: thev took less time to perform than did the plans generated by novices.
However, as Haves notes, because the plans thal incude operator overlap make use
of less comnmon, and thus, presumably, less salient decompositions, they may be more
difficult to generate. [ this is so, then the extra means-end reasoning needed to compute
the plans with operator overlap could, in principle, surpass the amount of Lime saved
during performance. 1 other words, the efliciency in action that might be gained by
overloading may he overridden by the inefficiency in means-end reasoning needed Lo use
overloading in the first place.

[t appears that, for the novices, it is relatively eésy to generate the plans that comn-
prise only frequently nsed actions. In analyzing protocols of the machinists describing
their planning process, Haves determined that the novices do not appear to perform
extensive searches for optimal plans. Rather, they generate a single plan, performing
the kind of simple decision making suggested by Harman. Overloading would thus not
provide Lo them a savings in deliberation cost, as they are not, in any case, engaging in
deliberation. Moreover, the potential savings in subsequent means-end reasoning may
he undercut by the inclusion of uncommon steps in the plan: it may actlually be easier
for the novices Lo determine liow to casry outl two distinet actions that are each guite
common than Lo determine how to carry out a single action of an infrequently used type.
So overloading may provide little or no cfficiency of reasoning for the novices. And, as 1
have already noted, the efficiency of action that it can provide may be ontweighed by the

additional means-end reasoning required initially to find the possibility of overloading.
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But what of the experts? How is it thal they manage to generate overloaded plans,
without the burden of additional means-end reasoning becoming too great? Here again,
the protocol analyvsis is revealing. Like the novices, the experts do not generale a large
number of candidate plans; ofien they loo generate only a single plan consisting of a
sequence of frequently used subplans. However. the experls were able to delect certain
cues in some parls specifications thal indicaled that overlap might be feasible. The
fact that two angles were to be cut 90 degrees apart 1s an example of such a cue; it
suggests that side-milling on a sine table may be appropriate, What the experts appear
to do is to look for cues of Lhis sort, which suggest Lo them plans invelving operator
overlap. The cues focus their means-end reasoning. In addition, it possible that, for
experts, Lthe overloaded plans do provide a savings in subsequent means-end reasoning.,
because experts may he more familiar with the infrequently used types of actions, and
hence will not have as much difficulty as novices do in determining how to perform them.
The experts are thus able reap the henefits of overloaded plans, without paying a heavy
penalty in extra means-end reasoning, either when they initiatly identify the overloaded
slep or when they later elaborate it.

There are, of conrse, diflerences between the two empirical studies I have just dis-
cussed and the model of a practical-reasoning process being described in this paper.
Hayes-oth and Iayes-Roth were studying a situalion in which an agent is provided
with an overwhelming set of tasks all at once. INayes studied just the opposite situation,
in which an agent neceded to construct a plan to achieve a single goal, that of machin-
ing a part. Moreover, in Hayes’s study, though not in Hayes-Roth and Hayes-Roth’s,
the computation of a plan containing an overloaded intention presented a challenge, at
leasl 1o novices. In contrast, I have been describing overloading as part of the ongoing

practical-reasoning process in which agents continually engage as they encounter new
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goals in the presence of a rich structure of existing plans. I conjecture that, for many
everyday practical-reasoning lasks, the recoguition of overloading possibilities is not es-
pecially difficult; we are all. as it were, experts al quotidian reasoning. Finally, I am
arguing in this paper not just that overloading occurs, but also thai, given an agent’s
resource hounds, it is vational and it provides another reason, in addition to those pro-
posed by Bratman (1987), for agents” committing themselves to the execution of certain

plans in the first place.

4 The Rationality of Overloading

Let us consider in some more detail the claim that the process of overloading intentions,
as set forth in the previous two sections, is a rational practical-reasoning strategy. First
of all, it is important Lo be clear about just what the clahn is: it is a claim about a.
reasoning strategy, and not about the outcome of cach instance of that strategy. What
T am claiming is that it is rational to use overloading as a way of generating solutions
to means-end reasoning problems that are then fairly directly adopied, without being
subject to Turther deliberation. I am not claiming that each plan thus adopted is optimal,
in the sense of being the plan that would have been chosen had the agent engaged in
complete practical reasoning, generating all possible plans and weighing them against
one ancther. In other words, a plan adopted as a result of overloading may fail to be the
one that would do the most to further the agenl’s goals, given her beliefs. To use the
decision-theory slogan, it may fail to maximize her expected utility.

To see the problem, recall the way in which overloading works. Faced with a new
goal, the agent examines her existing, adopled plans, attempling to find an action that
can be overloaded; failing that she may attempt simple elaborations of her existing plans

m an attempt Lo uncover an overloading possibility. If she succeeds in either of these
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Tahle 1: Qutcomes of Practical Reasoning

ways, finding a plan lor her new goal that involves overloading, she directly adopts that
plan (assuming its consistency with her already adopted plans), without generating and
considering possible alternatives. JDul some of the allernatives she thereby overlooks
might, in fact, have been judged beiter than the plan suggested by overloading. I so,
the pian she adoptled is, in an important sense, subopiimal.

Practical-reasoning “shortcuts™, such as the use of overloading, seem inherently to
raise the possibility of suboptimality. To judge the rationality of a practical-reasoning
strategy, we thus need Lo ask whether, averaging over a sufficiently large mumber of uses
of the strategy, the benefits derived frem the avoidance of extra reasoning outweigh the
disadvantages of any resulting suboptimality.

In (Bratman et el 1988), we explored this question as it pertained to the strategy
of “filtering,” bypassing lull deliberation concerning options that are believed to be
incompatible with an agent’s adopted plans. Our analysis centered on an enumeration
of the possible outcomes of the use of filtering. T shall here present a similar analysis of
overloading. Table 1 lists possible outcomes of practical-reasoning processes, with regard
to the use of overloading.

In Sitnation 1, the agent is unable to make use of overloading in solving some means-

end reasoning problem; this case thus need not concern us further here.
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In Situation 2. the agent, using overloading, finds a solution to her means-end rea-
soning problem. In addition. in this case, the plan thus generated is optimal, in the
following sense: were the agent to have generated all possible means to her current goal
~and then weighed them against one another using her deliberation mechanism, the plan
that was generated using overloading would have been judged the best and. consequently,
would have been adopted. This 15 Lthe most favorable outcome: the agent has avelded
unnecessary practical reasoning, while not falling prey to suboptimality.

Situations 3 and 4 are a bit more complex. Here the agent has found a solution to
her means-cnd reasoning problem by using overloading. but it is not an optimal solntion,
as delined above. FEven so, the overloading process may have been worthwhile, Recall
the difficulty that agents in dynamic environments face, due to their resource bounds.
The world may change while they are engaging in practical reasoning. Their reasoning
thus has an associated cost, in that it precludes other useful activities that may no
longer be possible by the time the rcasoning is complete. We therefore need to weigh
the savings in reasoning cost provided by overloading against the cost of the suboptinal
plan relative to the optimal one. Situation 3 occurs when the former is greater than
the latler: complete practical reasoning would not have been worthwhile in such cases.
Thus, instances of Situation 3 arc ones in which overloading turns out, on balance, to
be beneficial, Situation 4 is the opposite case: there, overloading leads to a plan that is
suboptimal, and the cost of the suboptimality is greater than the savings in reasoning
cost. Thus, in Situation 4, overloading fails to pay: the agent would have been hetter,
in such cases, Lo take the extra time to engage in complete practical reasoning.

One might be tempted to conclude that overloadingis a rational process to the degree
that it leads to instances of Situations 2 and 3, rather than Situation 4. This is not

completely warranted, however. Instead, the analysis leads Lo a more modest claim, that
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overloading is ralional, relative to « strelegy of complele deliberalion, Lo the degree that
it Jeads to Situations 2 and 3, rather than Situation 4. Butl there may be other practical-
reasoning strategies thal have even better outcomes than overloading: i so, it may
be more ratjonal to use these alternatives. The challenge is to define such alternatives.
Indeed, the optimal strategy may be one that combines overloading with other reasoning
shortcuts, such as generating and directly adopting only the most commonly used plan
for certain kinds of goals. Given both empirical evidence, such as that provided by
Hayes’s study, and commonsense intuition about the benefits of overloading, one quite
plausible conjecture is that overloading will be part of any complete optimal strategy.®

Because putting an action Lo mmnitiple uses tends Lo be a good thing Lo do, the
likelihood of Situations 2 and 3 is increased by the very nature of overloading: the
plan involving an overloaded aclion is likely to be, il not the very best alternative, at
least a reasonably good one. Unfortunately, however, Situation 4 cannol, in general, be
complelely avoided. 3ut an agenl can minimize the frequency with which instances of
Situalion 4 occur by using overloading judicionsly. Tor instance, an agent should not
rely on overloading 1o bypass deliberation about plans to achieve goals that are highly
significant. It would, for instance, be foolish for a high-school senjor to adopt a plan
to attend MHarvard rather than any olher college simply because she plans a sightsceing
trip to the Boston area the following summer, and could overload her intention to travel
there if she selects Harvard. Very important decisions should always be made on the
basis of complete means-end reasoning and deliberation. Nonetheless, overloading can

be guite useful {or less critical, everyday practical-reasoning problems.
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5 Intentions and Expectations

Up mtil now, I have depicted overloading as a process that exploits an agent’s intentions.
Yet, Lypically when an agent forms an intention Lo perform some action 4, she also forms
a beliel, or expectation, that she will do A. My intention to swim today at lunchtime
leads me to expect that I wilk swim today atl lunchlime. Similarly, my intention to stop
al Nan’s office on the way Lo the pool generates an expectation that I will stop there.

Expeclations ave simply beliefs about future activities and circumstances. Whenever
an agent engages in praclical reasoning, she makes use of her expectations. Then, given
the close association between intenlions and expeclations, we may be led to ask whether
overloading really is a special form of practical reasoning, or whether it is just an example
ol the ordinary use of beliefs about the [uture to guide practical reasoning.

A partial answer Lo this question can be given if we consider whether an agent can
hiave the intention to perform some action A without having the associated beliefl that
she will in fact perferm A. If this state of affairs is possible, and, moreover, the intention
in guestion can be overloaded, then overloading is not simply a form of expectation use,
as no expectation is involved here.

Although some philosophers, notably Grice (1971) and Harman (1986), have argued
against the possibility of an agent’s intending to A without believing she will do A,
Bratman (1987), for one, disagrees. While accepling that an agent cannot intend to
do A white believing that she will not do A, Bratman argues that the belief that the
agent will do A can be missing. Here Iie has two kinds of cases in mind. First, there are
cases in which an agent believes that she may fail to try to perform her intended action,
as, for instance, with an agent who intends to stop at the bookstore on her way home
from work, but believes that, hecause she is absent-minded, she is likely to forget to do

s0. Second, there are cases in which an agent believes that she will try to perform the
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intended action, but that when she does so. she is likely to fail. An example of this is
an agent who intends to move an extremely heavy log, although doubting that she is,
in lact, strong enough. Bra‘tma‘n4111;1,1'511;115 evidence in favor of viewing these as cases
of intention: the agent, he argues, will filter options inconsistent with the performance
of these actions, will engage in means-end reasoning aboul their achievement, and will
track Lheir suceess.

To the extent that one agrees with Bratman on this issue. one should also allow for
the possibility of agents” overloading intentions that do not have associated expectations.
Imagine Bratman’s agent who intends to stop at the hookstore without believing that
she will do so. This agent fillers oul options incompatible with stopping at the hookstore:
she will not deliberate about taking an alternative route home, one thal does not take
lier by the hookstore-——and she will not form the intention to take such a route. She
will engage in means-end l'ea.s;oning related to her intended bookstore stop: she will plan
to Lake along money to pav for her intended purchases. And so on. Dut if this agent
is willing to allow her attitude toward stopping al the bookstore Lo shape her further
practical reasoning in Lthese ways, there secms to be no reason that she should not also
exploit it in solving further means-end reasoning problems. If she should determine that
she needs to buy some new disks for her home computer, it scems quite sensible for her
o overload her intention to stop at the bookstore, using it in a plan to buy the disks.

Of course, in saying this, we must bear in mind that the agent can be no more
confident of the success of an intention than she is of the correctness of each of the beliefs
upon which that intention depends, as well as of the success of each of the intentions
upon which it relies. As a result, a rational agent should not overload an intention whose
success she douhts in elaborating a plan for an extremely important goal. Once again

we see that overloading must be used judiciously: it may be primarily applicable to
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ordinary, everyday decision making.

So, 1l we avcepl thal intentions can exist withoul associaled expeclalions, we ave
Justified in caiming that overloading is at least somewhal different from the ordinary
use of beliefs about the future in practical reasoning. But this is a lairly. weak conclusion,
since mosl of the Lime cur intentions probably are accompanicd by associated expecla-
tions. Thereis, however, a sironger argumenl that can be made, namely, that Lhere are
advantages lo overloading that do not arise in ordinary expectation use, and that these
advantages lead 1o overloading being a diflerent type of process than ordinary expecta-
tion use. To show this, we must [irst distinguish between three kinds ol expeclalions
that an agenl may have.

First, 'thcre are those expectations that derive directly Trom an agent’s inteutions,
expectations that she will do the actions she intends. Let us call these primary expecia-
tions.

Not all expectations are primary. Very often agents expect that the aclions they
intend will have side-eflects—results that, while foreseen. are not intended. 1 expect
that when 1 go swimming I will get chlorine in my hair, although 1 do not intend Lo
get chlorine in my hair. 1 also expect that when I take my usnal route to the pool, 1
will pass an antomalic teller machine (ATM), although again, I do not intend to pass
an ATM. One test that has been put florth as a way of distinguishing between intended
effects and side-effects is that the latler are not “tracked”: agenis will not vary their
aclions to ensure the success of side-eflects, at least in novmal circumstances (Bratman
1987). Should T discover that the water in the pool in which I swim has been replaced
with salt water, 1 will not attempt to locate a boltle ol chlorine to pour into my hair.
And should I find, while on my way to the pool, that the ATM has been moved, I will

not aller my route in order to pass it. We can allach the label secondary capecialions 1o

»
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beliefs that forescen side-effects of intended actions will occur.

Secondary expectations; like primary ones. are rather closely related to an agenl’s
intentions. Agenls may also have expectalions thal are relatively divorced from any
particular intentions they have. llere is an example: 1 expect that shortly before noon,
Steve will pass by my office on his wax to lunch. 1 do not intend to de any action of
which this is either an intended effect or a side-effect. But experience has taught me to
expect him 1o pass by. Expectations of this kind can be called independent. They do not
directly concern the occurrence cither of actions I intend or actions 1 expect to perform
in doing what I intend.

There are thus three kinds of expectations that agents may have about fulure events.
They expect to perform the actions they intend. They expect side-effeets of the actions
they intend to occur. And they expect many other, independent events to occur as well.
In performing practical reasoning, agents may make use of all three Icit;ds of expectations.
But only primary and secondary expectations can be used in overloading. The nse of
independent expectations is merely what I have been calling ordinary expectation use,
and differs qualitatively from overloading.

I have presented overloading as a process that uses intentions, but, at least for in-
tentions that have associated primary expectations, nothing 1 have said would preclude
viewing overloading as instead malking use of the p‘rima‘r‘y expectations. Let us then turn
to secondary expectations. Suppose thal 1 once again have a plan to go swimming al
lunch, this time by myself, and that my usual rouie takes me past an ATM. Suppose,
also, that I have once again forgotten to gel money for lunch. Then my secondary expec-
tation of passing the ATM does suggest a solution to my problem of getting money: 1 can
stop and make & withdrawal at. the ATM when I pass it. Moreover, il seems reasonable

thal I can once again presume that il is a good idea Lo make additional nse of an action
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that I already expect to perform. Thus, I can directly adopt this plan to gel money,
without generating and considering allernatives. What was previously just a foreseen
side-eflect of an intended action thereby becomes a full-ledged intention. As a result, I
will, for instance, track its success: should I now discover that the ATM has been moved,
I may well alter my route to ensure that I passit.

Note the difference between this case and the situation 1 deseribed carlier, in which I
overloaded my intention to meet Nan. There I had one intention—to meet Nan—which
came Lo serve two distinct roles. I intended to meel her in order Lo go swimming with
her, and 1 intended to meet her in order to get money for Iunch. Meeling Nan is part of
the elaboration of hoth of these goals. Ip the current example, my intenlion Lo pass the
ATM is not overleaded. 1 intend it for a single purpose, in order to get money. But [
expect that 1 would pass it anyway, even il T did not have the goal of geliing mwoncey.

So in atltempiing Lo solve means-end reasoning problems, agents can examine Lhei-r
secondary expectations, about actions they will perform as side-eflects of intended ac-
tions. When a (secondarily) expected action is found that can be pul Lo use in an
elaboration of the end in question, the agent can then form a new intention to perlorm
that action as a way of achieving the end without further deliberation.

What about independent expectations? My expectation that Steve will pass by my
office may be central in the plan T adopt to get money for lunch: I m'ay decide to borrow
it from him when he passes by, Bul does the formation of this plan reallv ipvolve the
overloading process as | have described it?

I claimed that when an agent exploits a secondary expectation, she forms, without
complele deliberation, a new intenlion to perform the action that she had originaflv
merely expected to perform as a side-cffect of some other action. When I decide to make

a withdrawal using the ATM, expecting that I will pass the ATM, I form Lhe intention to
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pass the ATM. But when an agent forms a plan that relies on an independent expectation,
she does not, in general, form an intention to bring about that expectation.” It seems
unlikely, in the current example, that T would form an intention to ensure that Steve
passes by my office shortly before noon.

But why nol? Recall the interrelated reasons that overloading is worthwhile. [Mirst,
plans snggested by overloading have a certain elliciency of action: they involve putling
one aclion to more than one use. Second, the use of overloading generally leads to an
elliciency of reasoning, as the agent can solve one means-end reasoning problem, about
how 1o carry out the overloaded intention, in place of two (or more). These advantages
together justify an agent’s bypassing complete deliberation aboui the overloaded plan
and alternalives to it, a move that results in further savings in reasoning cost. However,
wlen an agent recognizes that an independent expectation can be useful in solving
a. means-end reasoning problem, the formation of a new intention to ensure that the
expected event actually occurs would undercut the advantages of overloading. The newly
formed intention would, at least initially, he in service of only one goal. And additional
means-end reasoning would be required, to determine how to ensure the occurrence of the
newly intended action, or at least, how to avoid unintentionally thwartingit. Thus, the
agent is not, in this case, justified in bypassing deliberation. In conlrast, when an agent
forms an intention to perform a secondary expectation, at least the latter advantage still
obtains, because she already intends Lo perform some action that will bring about the
secondarily expected action; this then justifies direct adoption of the new intention.

There is, then, a fundamental difference between overloading and ordinary expecta-
tion use. The former offers certain advantages: if the agent is able to find a plan that
involves overloading, she can reasenably presume that it will have an efficiency of action,

and that it will cut down on the amount further means-end reasoning she will need to
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perform. She is thus justified in adopting it directly, thereby increasing even further
the savings in reasoning cost. The same is not true of the ordinary use of independent

expectations in solving practical-reasoning problems.

6 Implications for Plan Recognition

I have so far been focusing on overloading as a process that [lacilitates the generation
and adoption of plans in resource-bounded agents.® But an understanding ol Lhe process
can also be useful in other reasoning tasks that agents must perform, in particular, plan
recognition.

Mosl agents do not live in isolation, but, rather, inhabit worlds in which they must in-
teract with other agents. It is now generally accepted in Al that such interaction depends,
in large part, on the abilities of agents to recognize one another’s plans. As a result, the
development of plan-recognition systems has been an active arca of research (Allen 1983,
Kautz 1990, Konolige and Pollack 1989, Pollack 1990). But most Al models of plan recog-
nition have built upon traditional Al plan-generation techniques, in which an agent’s
plans are secu simply as recipes for achieving a goal, independent of and divorced from the
role that plans play in the larger mental life of the agent. In particular, plan-recognition
systems, like the classical plan-generation systems, have ignored the difficulties that dy-
namic environments pose for resource-bounded agents—and have ignored the ways in
which planning can help agents cope with those difficulties. As a result, the capabilities
of plan-recognition systems have been limited, a claim T will very briefly substantiate by
means of two examples.

Here is the first: You speak with a colleague in the morning and determine that she
tntends Lo visit a nearby research laboratory later that day, and also plans to go 1o Lhe

bank sometime. You also know 1hat she plans to attend the monthly departmental lunch
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at noon that day. AL 1145, vou see her heading out to the parking lot. Becaunse you have
a paper that you want delivered to the research laboratory, vou attempl to recognize her
plan: is she on her way to the laboratory? 1f she is, you'll run after her 1o give her the
paper. You know that il takes only about 1} minutes round-trip Lo get to the hank, but
that when she goes to the laboratory, she’ll probably be gone for more than an hour. In
that case, vour likely conclusion is thal the plan she’s currently executing is to go to the
bank. since goil1g to the Iaboratory now would be incompatible with her plan Lo attend
the departivental lunch.

To draw this conclusion. a plan-recognition system would need to take inte account
the assumption that an agent’s plans tend to be consistent with one another. And this
asswmption is jusiified by the clalim that one way for a resource-bounded agent to curtail
her reasoning is to consider only those oplions that are consistent with one’s existing
plans, a claim thar arises, in turn, from consideration of the prohlems posed by resource
boundedness (Bratman 1987, Bratman of al. 1988). Existing plan-recognition systems
do not take this into account; indecd, they generally do not even consider the fuller set of
adopted plans that the agent is known to have. Instead, they look only at the currently
observed actions—in the current example, heading to the parking lot.

The first example thus illustrates that plan-recognition systems need to take into
account characteristics of plans such as those described by Bratman {1987). A similar
ilustration can he given for the significance of the characteristics of plans that result
from the overloading process. Imagine that late one alternoon, your husband calls you
at work to offer to stop on the way home to pick up a video tape and to buy a pizza.
After hanging up, vou remember that vou've invited some guests lor dinner. You try to
call back to ask liim to buy a lavger pizza, but he’s already left. There are about a hall

dozen pizza parlonrs that vou two typically frequent. However, one of these, Luigi's, is
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located in the same shopping center as the video-rental store. You thus conclude that
your husband is probably going Lo slop al Luigi’s, so vou call there and have them tell
him to buy a larger pizza.

As before, a plan-recognition system that considered only the intended action of
buying a pizza would be unable Lo decide which pizza parlour your husband was intending
to go lo. To reason to that conclusion, a system would have Lo take into account his
intention to go to the video-rental store, and the fact that agents tend to overload actions
when possible. Again, the justification for overfoading stems from a consideration of the
challenge of resource boundedness, and the use of planning as a way of coping with that
challenge.

In short, a better understanding of the roles that plans play in an agent’s mental life,
and of the constraints on plans that arise from those roles, can improve nol only our
models olf plan generation, bhut also onr modcls of plan recognition. The two examples just
given suggest that, in performing plan recognition, an agent must take into account not
Jjust the observed actions, bul also other actions and plans thal she knows the observed
agent intends. And to malke use of this information, she must employ knowledge ahout
the relations that exist among an agent’s coexisting plans——relations that arise from the

roles those plans play.

7 Conclusion

In his theory of intention, Bratiman (1987) argued that it is rational for resource-hounded
agents to form and adopt plans, because in so doing they lessen the amount of subse-
quent practical reasoning needed, and, hence, make it easicr Lo cope with their dynamic
environments. In this essay, I have tried to bolster that claim, by describing a practical-

reasoning strategy I called overloading, in which an agent makes use of her existing plans
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to focus means-end reasoning and to bypass delileration that would otherwise be neces-
sary. I ex plolred the rationale behind overloading. namely, the commonsense presumption
that it is generally worthwhile to “kill two birds with one stone.” And 1 claimed that an
appreciation of the process of overloading, like other practical-reasoning strategies, can
be beneficial to tasks such as plan recognition as well as plan generation.

There is also a. more general demonstration made by this essay, namely, that Al
models of intelligence can be uscfully informed by philosophical theories—or, to put it
the other way around, that (at least some} philosophical theories can he computationally
realized. Braltman’s theory of intention led to the high-level architectural specifications
for an artificial agent given by Bratman, lsrael, and me (1988), which in turn Jed 1o an
implemented, prototype agent currently being used in an expertiental study of tradeoffs
in agent design (Poilack and Ringuctie 1990). These three pieces of work also led to
the development of the ﬁotion of overloading described in this paper. Overloading is
essentially a computational process, one thatl a researcher designing an artificial agent
could embedy in algorithms incorporated in that agent. Philosophical theories can and

do matler to the Al researcher.
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Notes

[

A similar cJaim might be made about the reasoning processes of biological agents,

under the assumption that evolution plays the role of the designer.

My use of the term overloaded derives [rom the technical sense it is given in com-
puter science: one says that a symbol is overloaded when it is nsed for more than
one purpose. Lor example, in most programming languages, the symbol “+7 is
overloaded to signily both integer and real addition. 1 do nol mean o suggest that

an overloaded intention is one that is, in some sense, Loo heavily burdened.

S0, o continne the recipe analogy: an agent may, by looking in a cookhook, find
several different recipes for chocolate cake, withoul commitling hersell io make any
of them, or even Lo make cake. And she may, by performing means-end reasoning,
generale several plans Tor borrowing money, without intending one or another, and

without, in fact, intending io borrow money.

Early models of AT planning cast il as a search process in which the nodes rep-
reseni states of the world, rather than partial plans (Fikes and Nilsson 1971).
The mode] described in this paper is more general, subsuming the state-based
approach. However, it is still a simplification. Technigques have been developed,
especially within the past few years, for interleaving planning and execulion, so
that the sclect/elaborate cycle can be interrupted prior to completion, and the
system can perform actions and engage in further reasoning under the influence of

only partially specified plans (Georgell 1987).

As Hayes notes, operator overlap is closely related to Wilensky’s (19%3) notion of

partial plan overlap.
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G

=1

In fact, it may be possible to cvaluale such conjectures experimentally. In some
recent work, 1 have been developing a systemn for the experimental evaluation of
alternative practical-reasoning strategics, called Tileworld (Pollack and Ringuette
1990). Tileworld consists of a simulaled robot. agent and a simulated environment.
The experimenter can manipulate the characieristics of the envirenment, as well
as the particular practical-reasoning strategies emploved by the agent. Large num-
bers of simulations can then be antomatically run, and the resulting perfon.na.nce
analyzed to determine the advantages and disadvantages of particular reasoning

strategies for environments exhibiting various featnres.

Notice that it may often be impossible for an agent to form an intention whosc
object, strictly speaking, is the independent expectation. Whilesecondary expecla-
tions have as their objects actions that the agent will hersell perlorm, independent
expeclations are tvpically aboul circumstances in which she will find hersell as a
result of other agents™ aclions. T cannol form an intention whoese object is the ac-
tion of Steve’s passing by my office shortly before noon; as Castaneda has argued,
intentions are first-person attitudes (Castaneda 1975). This is why it is necessary

to speak of agents’ Jorming intentions to bring about the independent expectation.

Much of this seclion derives [rom a talk that I gave at the Second Annual Worlsshop
on Plan Recognition, American Association for Artificial Intelligence (AAAT), De-
troit, MI, Angust 1989. [ am grateful for feedback provided by the other workshop

parlicipants.
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